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Abstract: Phosphate glass (PG) of the composition 0.46(CaO)–0.04(Na2O)–0.5(P2O5) was
used as ﬁller in poly-L-lactic acid (PLA) foams developed as degradable scaffolds for bone
tissue engineering. The effect of PG on PLA was assessed both in bulk and porous composite
foams. Composites with various PG content (0, 5, 10, and 20 wt %) were melt-extruded, and
either compression-molded or foamed through supercritical CO2. Dynamic mechanical anal-
ysis on the bulk composites showed that incorporating 20 wt % PG resulted in a signiﬁcant
increase in storage modulus. Aging studies in deionized water in terms of weight loss, pH
change, and ion release inferred that the degradation was due to PG dissolution, and
dependent on the amount of glass in the composites. Foaming was only possible for composites
containing 5 and 10 wt % PG, as an increase in PG increased the foam densities; however, the
level of porosity was maintained above 75%. PLA-Tg in the foams was higher than those
obtained for the bulk. Compressive moduli showed no signiﬁcant reinforcement with glass
incorporation in either expansion direction, indicating no anisotropy. Biocompatibility showed
that proliferation of human fetal bone cells was more rapid for PLA compared to PLA-PG
foams. However, the proliferation rate of PLA-PG foams were similar to those obtained for
foams of PLA with either hydroxyapatite or -tricalcium phosphate. © 2006 Wiley Periodicals,
Inc. J Biomed Mater Res Part B: Appl Biomater 80B: 322–331, 2007
Keywords: phosphate-based glass; bone tissue engineering; poly-L-lactic acid (PLA); scaf-
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INTRODUCTION
Extensive research has been undertaken in the last few de-
cades geared toward the development of bioresorbable poly-
mers, such as aliphatic polyesters, for their potential applica-
tion as biomedical materials.1 Poly(-hydroxyl acids) are
well known biodegradable materials that have been tailored
for applications, such as sutures, pins, screws, drug delivery
systems, and scaffolds, for bone tissue engineering.2–6 In the
development of scaffolds for bone tissue engineering, it is
recognized that these should be porous, biocompatible, bio-
active, easy to manufacture, and with appropriate mechanical
properties.7,8 Studies involving polylactic acid (PLA) and
poly(DL-lactic-co-glycolic acid) have shown that the presence
of these biodegradable scaffolds can facilitate the formation
of bone mineral when implanted in vivo.5,6
Polymeric foams alone, however, may not have the capacity
to withstand higher loads in load-bearing applications.4 For this
reason, the incorporation of an inorganic phase into the poly-
meric matrix has been developed to overcome these limita-
tions.7,9,10 Ideally, the addition of ceramics and glasses into the
PLA matrix should improve not only the mechanical properties
of the material, but also its bioactivity and biological behavior.
For this reason, bioactive ﬁbers or particles of calcium phos-
phates have been incorporated as ﬁllers.11–14 Factors such as the
constitution of the ﬁller, content, and solubility can inﬂuence the
aforementioned properties. However, not all calcium phosphate
materials are ideal in this, e.g., hydroxyapatite (HA) or bioactive
silicate-based glasses are not readily soluble and, therefore, do
not reﬂect the required degradation properties.15,16 Providing a
biodegradable composite material where all its constituent parts
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meet the degradation criteria would prove a signiﬁcant step in
tissue regeneration. For this purpose alone, the incorporation of
degradable phosphate-based glasses (PG) as the inorganic phase
of the composite materials may be appropriate. PGs having a
ternary system (P2O5OCaOONa2O) have been previously in-
vestigated in considerable depth with relation to chemistry,
degradation, biocompatibility, and cytotoxicity.17–24 Further-
more, the addition of PG into polymers such as PLA may further
enhance the complex nature of the degradation of the ma-
trix.25,26 The degradation of PLA has been shown to be affected
by a number of factors, such as chemical structure, crystallinity,
molecular weight, processing conditions, shape, and size.27,28
This study reports on the use of degradable PG particles as
ﬁllers in PLA composite foams for potential applications in bone
tissue engineering. Previous studies carried out on the ternary
glass formulation 0.46(CaO)–0.04(Na2O)–0.5(P2O5) alone
have shown that this glass composition maintains cell attach-
ment, differentiation, and limited proliferation of osteoblasts and
ﬁbroblasts.29 Here, the effect of incorporating particulates of this
glass formulation into the PLA matrix was assessed in both the
bulk properties of the composites produced through compres-
sion molding, and on the foamed PLA-PG composites. Super-
critical CO2 (ScCO2) was used as the foaming agent, where it
acts as a solvent used to control the porosity and cellular mor-
phology of the scaffolds. ScCo2 is safely removed out of the
polymer when the pressure is released in order to create the
desired pore morphology through gas diffusion.30,31 The effect
of PG as ﬁller in PLA scaffolds was investigated in terms of
processability, morphology, aging, mechanical behavior, and
biocompatibility with human primary bone cells.
MATERIALS AND METHODS
Development of PLA and PLA-PG Composites
PG Production. A glass was prepared with the following
composition (in molar fraction): 0.46(CaO)–0.04(Na2O)–
0.5(P2O5). This was carried out by thoroughly mixing three
starting reagents in the following weights: NaH2PO4, 4.8 g;
P2O5, 32.66 g; CaCO3, 23 g, and placing them into a platinum
crucible. The crucible was placed in a carbolite furnace
preheated to 700°C. Heating at this temperature ensures that
excess gas produced (CO2 and water vapor) due to the chem-
ical reaction is expelled. After 10–15 min the temperature of
the furnace was increased to 1100°C for 1 h, where the glass
forms a melt. The crucible was then taken out of the furnace,
and the glass melt was quickly poured onto a ﬂat steel plate.
This enabled the glass to go through a process of rapid
quenching to form a solid amorphous glass of very high
viscosity. The glass was then ground using a ball and agate
mill to a suitable particle size for sieving. The particles were
then passed through sieves of aperture sizes ranging from
1000 to 32 m. Figure 1 shows a scanning electron micro-
graph of PG, giving an indication of the particle size range
and morphology.
Composite Manufacturing: Melt Extrusion and Com-
pression Molding. A commercial bioresorbable polymer,
PLA (IV  1.6 dL/g, Tm  187.7°C,   1.25 g/cm3) (Boehr-
inger Ingelheim, Germany) was used without further puriﬁca-
tion. PLA pellets and 0, 5, 10, or 20 wt % PG particles were
mixed in the dry state, and dried overnight under vacuum at
105°C before processing. A microcompounder (Micro 5 Com-
pounder, DSM, The Netherlands) with two conical corotating
screws, of small capacity (5 cm3), was used to prepare the
PLA-PG composites. This was carried out at 205°C, with a
screw rotation speed of 100 rpm and a residence time of 4 min,
under a ﬂow of nitrogen to limit polymer degradation. Extruded
composite rods were further dried again at 105°C under vacuum,
before being ready for either foaming or compression molding
for bulk composite analysis. The latter was carried out using a
Fontjine Holland Table Press (The Netherlands) by applying 20
MPa at 195°C for 10 min.
Composite Foaming. The foaming equipment was com-
posed of a custom-made high pressure chamber (Autoclave
France, France) and a computerized acquisition data system.
The technique has been previously described in detail.31
Brieﬂy, extruded PLA-PG composite rods were put into cy-
lindrical open molds (diameter, 35 mm) and loaded in the
pressure vessel. Pressure and temperature were increased up
to a saturation pressure, Psat (150–250 bar), and 195°C,
respectively, to obtain a saturated polymer-CO2 solution.
Foam expansion was then induced by sudden gas release:
because of supersaturation, gas nuclei were created, which
grew further by the gas diffusing out of the polymer. Porous
structures were stabilized by an increase in viscosity, result-
ing from a decrease in temperature and CO2 concentration,
where polymer solidiﬁcation ﬁnally ﬁxed the cellular mor-
phology. Initial depressurization rate dP/dt (2.5–5.5 bar/s),
controlled by a back-pressure regulator (ER3000, Tescom,
USA), and maximum cooling rate dT/dt (2–6°C/s) are sig-
niﬁcant parameters that inﬂuence pore expansion and stabi-
lization.
Figure 1. SEM image showing the size distribution of PG particles
used as reinforcing agents in bulk and foamed PLA composites.
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Methods of Analysis
Characterization of the Bulk PLA-PG Composites. Dy-
namic mechanical analysis (DMA) was carried out on the
compression-molded polymer and composite samples, using
a Perkin–Elmer DMA (DMA-7e, Perkin–Elmer Instruments),
under a three-point-bend measuring system. Rectangular
samples (n  3) of 1  3  24 mm3 were tested through
a temperature range of 25 to 180°C at a heating rate of 4°C
min1. Two test controls were applied, a static tension con-
trol of 120% (i.e., ratio of 1.2, static to dynamic stress) and a
dynamic strain control of 0.02%. The storage (E) and loss
(E) moduli as well as the mechanical loss tangent (tan )
were measured as a function of temperature. The polymer
glass transition temperature (Tg) was measured using the
peaks obtained in both E and tan .
Differential scanning calorimetery (DSC) was also used to
conﬁrm Tg of the PLA matrix. This was carried out using a
DSC (Pyris Diamond DSC, Perkin–Elmer Instruments). Two
repeat samples (5 mg) were taken through heat/cool/heat
ramps from 0 to 200°C at a rate of 20°C min1. Tg values
were calculated from the point of inﬂection on the Tg curve.
The surfaces of the bulk composite were investigated by
elemental analysis through EDAX. Samples were mounted
on aluminium stubs and coated using a Polaron CC7650
carbon coater. The specimen surfaces were then observed
using a Cambridge stereoscan S90B scanning electron micro-
scope (SEM), and the elemental analysis was carried out
using the EDAX system that was ﬁtted to the SEM.
An aging study of the polymer and composites was carried
out in ultra-pure distilled water, which involved undertaking
a sample weight loss, pH change, and ion-release measure-
ments of the solution through ion chromatography (IC).
Three repeat specimens from each of the materials were cut to
an area of 10  10 mm2. Prior to commencing this study,
each specimen was dried, weighed, and individually placed
into separate plastic vials containing pH-7 adjusted water and
incubated at 37°C. The aging solution was replaced at 6, 24,
48, 72, 144, 192, and 240 h, and the specimens were weighed
after the excess surface ﬂuid was removed. The pH of the
solution was simultaneously measured (Jenway 3045 ion
analyser with pH combination electrode), and IC was carried
out for cation and anion release measurements, using a Di-
onex ICS 1000 and 2500 IC system. For cation (Na and
Ca2)-release study, the solutions were ﬁltered in order to
remove the larger phosphate ions and were taken over a
retention time of 12 min, in which the peaks for Na and
Ca2 were expected to give conductivity readings at 4.5 and
10.5 min, respectively. For anion release, the measurements
were taken over a retention time of 11 min, in which a peak
for PO43 was expected to give a conductivity reading of 2.9
min. The concentration values that are illustrated in parts per
million (ppm) were extrapolated against the peak areas (S
min) from calibration curves.
Characterization of PLA-PG Composite Foams. The
apparent density of the composite foams was measured to
calculate the expansion due to gas foaming. This was carried
out by weighing a sample of measured volume. The morpho-
logical properties of the composite foams were also charac-
terized using SEM. Samples were cut in the foam core with
a razor blade and gold-coated, to avoid charge accumulation
and prevent sample damage. A Philips XL30 SEM (Holland)
was used to observe the specimens under an accelerating
voltage of 3 kV, using secondary electrons for simple topo-
graphic observation.
DSC was also carried out to investigate the effect of
foaming and PG inclusion on the PLA-Tg. The test conditions
were as described earlier for the compression-molded sam-
ples.
The compressive mechanical properties of the composite
foams were evaluated on specimens of measured density, and
prepared by paying attention to obtaining parallel surfaces,
perpendicular to the testing direction. Measurements were
carried out on three repeat specimens, using a Universal
Testing Machine (UTS Test System, Germany), at a cross-
head speed of 0.5 mm min1. The elastic modulus (E) was
evaluated from the initial linear elastic part of the stress–
strain curve.
Biocompatibility evaluations were carried out on the scaf-
folds in terms of a proliferation study, using human primary
osteoblasts. These cells were obtained from the Laboratory of
Orthopedic Research (EPFL-LRO, Lausanne). Research bank
of bone cells comprises four fetal donors (one female and
three male) at the end of March 2004. Care was taken to
obtain healthy bone samples. Biopsies were obtained in ac-
cordance with the Ethics Committee of the University Hos-
pital in Lausanne (Ethical Protocol 51/01). Foams were ster-
ilized overnight in 70% ethanol solution and 30-min UV
exposure. Fetal bone cells were cultured in Dulbecco’s mod-
iﬁed Eagle medium (DMEM) and 10% FCS, at 37°C, in a 5%
CO2 humidiﬁed atmosphere. To favor cell differentiation, the
culture medium, refreshed every second day, was imple-
mented with osteogenic factors (ascorbic acid, 50 g/mL;
-glycerophosphate, 1 mM; dexamethasone, 10 nM). The
proliferation study involved seeding the cells onto scaffolds
in a 48-well plate at a density of 20,000 cells/well. For every
time point, three samples of each material were tested. Every
second day, samples were removed from culture medium, put
into 100 L of DMEM, and 20 L of CellTiter dye (Catalys
Promega). After 1-h incubation, samples were removed and
light absorbance was measured at 490 nm by a Multilabel
Counter (Wallac Victor2). Cell numbers were obtained by
comparison to a standard curve. Cell proliferation was also
observed under SEM, after cell ﬁxation and dehydration.
Statistical Analysis
Statistical analysis was performed to test the signiﬁcance in
the difference between the two mean values by using the
Student’s t-test, which was used to determine p-values at a
signiﬁcance level of 0.05.
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RESULTS AND DISCUSSION
Bulk PLA-PG Composites
Thermal and Mechanical Analysis. Figure 2(a,b) shows
the dynamic mechanical properties of a representative sample
from the compression-molded PLA and PLA-PG composites
as a function of temperature. Table I compares the mean E
values at 25 and 37°C as well as the PLA-Tg, as measured
through the peaks obtained in E and tan , respectively. The
PLA-20PG composite gave statistically signiﬁcant (p 
0.05) higher modulus values at both temperatures in compar-
ison to the other PLA-PG composites, while there were no
statistical signiﬁcant differences (p 	 0.05) in E for all
materials between the two temperature points. Tg appeared to
be higher when using the tan  peak compared to the peak
obtained for E. All three PLA-PG composites exhibited a
slight increase in Tg values compared to PLA alone. This
effect is exempliﬁed through the broader slope of the transi-
tion region from the storage modulus curves and accompa-
nied by peak widening from the loss modulus curves in
Figure 2(a) and tan  in Figure 2(b). A similar increase in Tg
has been observed in HA or tricalcium phosphate (TCP)-
incorporated PLA composites, which attributed to the poly-
mer/ﬁller surface interactions.12,13 This slight increase in the
matrix Tg in the molded composites, demonstrated via DMA,
was also shown in the ﬁrst heating ramp through DSC mea-
surements as given in Table II, where PLA-PG composites
exhibited a slight increase in Tg compared to PLA. However,
by removing all thermal history through a second heating
ramp, the differences in Tg values for PLA and PLA-PG
composites were not statistically signiﬁcant (p 	 0.05), in-
dicating that the slight changes in Tg observed through DSC
(1st heat run) and DMA were inﬂuenced by processing pa-
rameters of extrusion and compression molding.
Elemental Analysis. The elemental analysis of the sur-
faces of all four materials is illustrated in Figure 3, which are
presented as a weight percentage of calcium and phosphorous
as a function of glass inclusion. As expected, the PLA ex-
hibited no trace of these elements. In contrast, as the amount
of PG increased in the composites, there was an increase in
the presence of calcium and phosphorous. As sodium is only
added at 4 mol % in the glass, the EDAX system is not
sensitive enough in detecting sodium X-ray photon energies;
therefore, there is no data present for sodium. These results
represent the percentage of each element on the surface,
which appears to be less than in the bulk, and may be due to
a polymer skin effect at the surface.
Aging Study. Figure 4(a,b) shows the aging behavior of
these materials in water in terms of percentage weight loss
and pH change as a function of immersion time, respectively.
TABLE I. DMA Data of Compression-Molded Composites in Terms of the Mean Storage Modulus (E), at 25 and 37°C,
and Glass Transition Temperature (Tg) As Deﬁned by Peaks in Loss Modulus and tan 
Material
Storage Modulus (GPa) Glass Transition Temperature (°C)
At 25°C At 37°C Loss Modulus tan 
PLA 4.4 
 0.3 4.3
 0.3 58.8
 0.4 66.4. 
 0.2
PLA-5PG 4.4 
 0.2 4.3
 0.2 60.5
 0.2 67.4
 0.4
PLA-10PG 4.4
 0.1 4.3
 0.1 61.2
 0.1 68.4
 0.3
PLA-20PG 5.2
 0.3 5.0
 0.3 59.5
 0.2 66.7
 0.7
Figure 2. (a) Storage and loss moduli versus temperature, (b) tan  versus temperature for represen-
tative samples of compression-molded PLA-PG composites.
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For the ﬁrst 48 h of the aging process, all four compositions
displayed a weight gain [Figure 4(a)]. This was attributed to
the water absorption into the materials. After this time point,
all composites displayed a weight loss where the rate was
dependent on the initial amount of glass present in the com-
posites, whereas PLA showed no signiﬁcant change in weight
throughout this study. This time point represents an event in
which an ion-diffusion process occurs, resulting in substantial
ion release from the glass on the surface, therefore, leading to
a signiﬁcant breakdown in the glass. There was little change
in the pH of the solution where the PLA was placed, and it
remained relatively neutral [Figure 4(b)]. In contrast, the pH
of the solutions for the composites underwent signiﬁcant
reduction, particularly after 48 h. The magnitude of this
reduction was dependent on the amount of PG in the com-
posites, with the PLA-20PG composite demonstrating the
most rapid rate of reduction in pH. The drop also correlated
well with the weight loss behavior observed in various ma-
terials.
Figure 5(a–c) shows the ion-release behavior of the com-
posites in terms of sodium (Na), calcium (Ca2), and phos-
phate (PO43) ions, respectively. These results showed good
correlation with weight and pH change as well as the EDAX
measurements. First, the rate of release of ions increased
relative to glass addition. The glass addition is reﬂected by
elemental analysis, showing the amount of ions present at the
surface of each PLA-PG composite. Second, the aging study
indicated that the water absorption accounted for the initial
weight gain up to 48 h for all materials. As a result, a slower
rate of release of Na, Ca2, and PO43 ions in solution for
all PLA-PG composites occurred up to this time point. Be-
tween 72 and 144 h, the PLA-PG composites exhibit a higher
and more linear rate of release of all ions. This indicates that
after 48 h the polymer matrix becomes saturated, and the
soluble glass particles act as hydrophilic sites within the PLA
matrix, where droplets are formed, and therefore allow a
more controlled ion-diffusion process to take place. A previ-
ous study has found that for a range of ternary PGs the
degradation rate and ion release showed a linear relationship
with time.32 In all systems the release of PO43 was more
prominent relative to the cations, indicating a rapid break-
down in the phosphate network of the glass, and increased
signiﬁcantly with glass content. This was attributed to the
drop in pH with the formation of phosphoric acid (H3PO4).
Longer term aging studies compared percentage weight
loss versus percentage glass addition of samples, aged for
over 1200 h, and then completely dried. The results indicated
that the percentage weight loss of each composite was close
to the percentage addition of glass ﬁller (PLA, 0.01 

0.17%; PLA-5PG%, 3.28 
 2.80%; PLA-10PG, 9.17 

0.14%; PLA-20PG, 16.85 
 0.77%). This conﬁrmed that the
linear ion-release behavior shown in this study is typical of
ternary PGs, and that the degradation process and subsequent
ion release is purely controlled by the glass component in the
PLA matrix and not by the PLA matrix itself. This would be
expected, since high molecular weight L-PLAs have been
shown to degrade slowly, e.g., more than 1 year to degrade.28
Characterization of the Foamed Composites
Morphological Assessment. The effects of foaming pa-
rameters have previously been described in detail elsewhere
with neat PLA.31 Brieﬂy, larger and more interconnected
pores were obtained with lower cooling rates, and a higher
pore density was a consequence of higher saturation pressure
combined with fast depressurizing rates. This study focused
on the effect of PG ﬁllers on PLA foams.
Figure 6(a–d) shows the morphological characteristics of
these composite foams as observed through SEM. The regu-
larity of foam morphology was highly dependent on glass
ﬁller dispersion in the polymer matrix. A polymer-rich zone
favored pore growth and expansion compared to a PG-rich
zone. An initial homogeneous dispersion of the ﬁller in the
Figure 3. EDAX data showing the weight percentage of calcium and
phosphorus at the surface of the bulk composites versus percentage
glass addition in PLA.
TABLE II. DSC Data of Compression-Molded and Foamed PLA-PG Composites Comparing the PLA-Tg
Taken from the First and Second Heating Ramps
Material
Tg for Molded Composites (°C) Tg for Foamed Composites (°C)
1st Heat 2nd Heat 1st Heat 2nd Heat
PLA 60.3
 0.5 62.5
 0.2 68.2
 3.0 62.2 
 0.1
PLA-5G 62.2
 0.1 62.1
 0.2 69.1
 6.1 62.3 
 0.2
PLA-10G 61.7
 0.2 62.4
 0.1 70.6
 0.1 61.9 
 0.5
PLA-20G 62.1
 1.0 63.0
 0.6 – –
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polymer is needed before foaming. Generally with glass
ﬁllers, more heterogeneous and less-expanded structures
were obtained. For a given set of foaming parameters, foam
architecture was dependent on glass weight percentage. The
addition of greater amounts of ﬁllers to the matrix increased
its viscosity (data not presented), therefore, reducing polymer
expansion and leading to more closed pores. With 20% PG,
it was difﬁcult to achieve a good dispersion of ﬁllers, there-
fore leading to foams with a heterogeneous morphology,
which were not considered further in the analyses.
Fillers could also serve as nucleation sites, increasing the
number of pores created. Fillers were located in the matrix
[Figure 6(d)]. Micrographs of edge cross-sections displayed
the PG particles embedded in the polymer. This glass particle
distribution should favor an efﬁcient reinforcement of the
foam, provided ﬁllers were homogeneously dispersed, and
did not come in contact with each other. Greater ﬁller content
tended to increase foam density, as shown by the apparent
density measurements in Table III. Porosity was higher than
75% for all ﬁller concentrations, and 42–49% of the pores
(evaluated by image analysis), were of diameters in the range
between 200 and 400 m, which is positive for a bone tissue
engineering application.33
Thermal and Mechanical Analysis. The thermal proper-
ties of the foams were assessed with regard to PLA-Tg and are
given in Table II. The DSC data obtained through the ﬁrst
heating run, showed a signiﬁcant increase (p  0.05) in
PLA-Tg for all compositions when compared to the Tg of the
compression-molded samples. However, when all the thermal
history was removed during the second heating run similar Tg
values for PLA and PLA-PG composites. This suggested that
the apparent increase may have been due to the combined
heat and foaming conditions.
As was observed from the DMA data for the PLA-5PG
and PLA-10PG bulk composites, the compressive mechanical
properties of the composite foams showed no signiﬁcant (p	
0.05) reinforcing effect of glass ﬁllers at these concentrations
(Table III). This lack of reinforcement may be due to a low
interfacial mechanical locking between the matrix and ﬁller
due to the smooth surface of the glass as compared to other
ﬁllers, such as HA or TCP particles [Figure 6(d)]. Measured
compressive moduli were also low compared to trabecular
bone (300 MPa). Furthermore, no signiﬁcant anisotropy
was observed in which similar modulus values were obtained
for samples tested parallel and perpendicularly to the expan-
sion direction. In comparison, by using the same foaming
process, along with smaller and more uniform-sized particu-
late ﬁllers,34 or other foaming techniques, such as thermally
induced phase separation, mechanically anisotropic foams
could be obtained.8
Biocompatibility Assessment. The biocompatibility
was evaluated by the direct contact of glass-ﬁlled PLA foams
with human primary osteoblasts. Fetal bone cells were re-
cently shown to have a high potential, because of their rapid
growing rate and their responsiveness to differentiation fac-
tors.35 A promising approach for bone tissue engineering was
demonstrated by using these fetal bone cells seeded on cal-
cium phosphate-ﬁlled PLA foams.36 In this study, prolifera-
tion was observed to be initially faster on neat PLA, where
cell conﬂuence was reached after 8 days, whereas up to 14
days were needed for PG-ﬁlled PLA [Figure 7(a)]. Similar
proliferation behaviors were also induced, when foamed
composites of PLA-5HA and PLA-5-TCP (wt %) were used
as comparisons to the PLA-PG composite foams. Prolifera-
tion was, however, restricted to construct surfaces after 2
weeks of culture, where cell adhesion was also observed by
SEM [Figure 7(b)]. Further work biocompatibility will in-
clude more detailed differentiation studies in order to analyze
these glass-ﬁlled PLA foams.
Figure 4. Aging behavior of bulk PLA-PG composites in deionized water (a) Percentage weight loss
versus time (b) pH change versus time.
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This study focused on investigating the effect of different
percentage inclusions of the same PG composition on the
properties of the composite foams. Generally, the addition of
ceramic or glass particles to polymer matrices should im-
prove its mechanical properties, provided that there is good
adhesion between the two phases. This has either been
achieved through mechanical interlocking, which can be de-
pendent on the size and surface roughness of the particulate
ﬁller or when there is a chemical bond as achieved through
surface treatment. This study did not undertake surface treat-
ment in order to improve adhesion between the PG ﬁller and
PLA matrix and the smooth surface ﬁnish of the glass particle
led to low interfacial adhesion between the two phases. DMA
on the bulk composites demonstrated that a signiﬁcant in-
crease in the storage modulus was only achieved by adding
PG at 20 wt % (12.5 vol %) compared to the other com-
posite formulations and PLA matrix alone. Furthermore,
since the foaming of PLA-20PG was difﬁcult to achieve in
this study, as it compromised the size and homogeneity of
pores, this composite was not considered for the foamed
samples. In line with the DMA data, there were no signiﬁcant
differences in the quasistatic compressive modulus values of
the composite foams with 5 wt % (2.5 vol %) and 10 wt %
PG (5 vol %) and that of the PLA foams. Future work will
investigate the effect of surface treatment of these glass
particles, in order to improve the adhesion with the matrix
and therefore the mechanical properties. The degradation of
these glass particles was found to be much more rapid than
that of the PLA matrix. However, since the degradation of
these glasses can be altered through their chemistry,19,20 e.g.,
by adding other doping ion such as iron, future work will also
assess the effect of varying the glass composition, along with
inclusions of multiple glass compositions. Previous studies
have shown that the properties of composites with different
glass compositions in polycaprolactone can be con-
trolled.37,38 The rate of change in these properties also
Figure 5. Aging behavior of bulk PLA-PG composites in deionized water in terms of ion-release
measurements (a) Cumulative sodium ion release versus time (b) Cumulative calcium ion release
versus time (c) Cumulative phosphate ion release versus time.
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showed a correlation with the amount of CaO incorporated in
the glass composition, where the lower the CaO content in
glass the greater the rate of change in properties.
CONCLUSIONS
Bulk and foamed composites of PLA-PG were produced for
bone tissue engineering. In the bulk, the addition of 20 wt
%PG gave higher mean storage modulus values compared to
the other compositions. The effect of thermal processing
tended to increase the PLA-Tg in the composites. Elemental
analysis showed that the increase of calcium and phosphorous
on the surface of the PLA-PG composites were less than what
was added to the bulk.
Aging in deionized water showed initial water absorption
for all materials. Thereafter, all materials showed a decreased
in weight, which was dependent on the amount of PG in the
composites. This was attributed to a controlled ion-diffusion
Figure 6. SEM image showing the effect of PG ﬁllers on PLA foam morphology (a) Neat PLA foams
(b) PLA-5PG foams (c) PLA-10PG foams (d) Close up of PG particles in a PLA foam wall.
TABLE III. Porosity and Compressive Modulus of Foamed
PLA-PG Composites, Measured Parallel or Perpendicularly
to the Foaming Direction
Material Porosity (%)
Modulus (MPa)
Parallel Perpendicular
PLA 88.3
 1.2 115.1
 30.9 109.5
 2.8
PLA-5G 81.2
 1.5 80.0
 19.7 100.0
 28.1
PLA-10G 81.7
 1.2 87.0 
 12.6 116.5
 12.5
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process and subsequent breakdown of the glass. The large
drop in pH for PLA-20PG was attributed to the overriding
effect of PO43 release over Na and Ca2. The rate of ion
release increased relative to glass addition, which correlated
with the changes in weight loss and pH relative to each
composite.
The foam morphology was shown to vary with glass
addition. The results showed that smaller pores were created
as a function of glass addition and the foaming of PLA-20PG
composites was not efﬁcient. Foam densities increased with
the addition of ﬁllers; however, the required level of porosity
for bone tissue engineering applications was still maintained
above 75%. Thermal analysis showed that the PLA-Tg in the
composite foams increased compared to those obtained for
the bulk because of the foam-processing conditions. The
compressive modulus values of the PLA-PG composite
foams showed no signiﬁcant reinforcing effect at the ﬁller
levels of 5 and 10 wt % PG when tested in either expansion
direction for the porous foams. Biocompatibility data showed
that proliferation of human fetal bone cells was more rapid
for PLA foams compared to the composite foams of PLA-PG.
Changes in surface topography as a result of rapid degrada-
tion of PG ﬁller restrict cell attachment, thus, reducing the
proliferation rate of cells on PLA-PG composites. However,
the proliferation rate of these PLA-PG composite foams were
similar to those obtained for foams of PLA with either HA or
-TCP particles.
N. Mordan is thanked for her assistance with the EDAX mea-
surements. T. Knecht is acknowledged for his work on foaming and
foam analysis. M-O. Montjovent is warmly thanked for helping with
the biocompatibility study. We thank the EPFL-CIME as well for
access to SEM equipment.
REFERENCES
1. Mano JF, Sousa RA, Boesel LF, Neves NM, Reis RL. Bioinert,
biodegradable and injectable polymeric matrix composites for
hard tissue replacement: State of the art and recent develop-
ments. Compos Sci Technol 2004;64:789–817.
2. Rokkanen P. Bioabsorbable ﬁxation in orthopaedic surgery and
traumatology. Biomaterials 2000;21:2607–2613.
3. Middleton JC, Tipton AJ. Synthetic biodegradable polymers as
orthopedic devices. Biomaterials 2000;21:2335–2346.
4. Lin ASP, Barrows TH, Cartmell SH, Guldberg RE. Microar-
chitectural and mechanical characterization of oriented porous
polymer scaffolds. Biomaterials 2003;24:481–489.
5. Partridge K, Yang X, Clarke NMP, Okubo Y, Bessho K, Sebald
W, Howdle SM, Shakeshef KM, Oreffo ROC. Adenoviral
BMP-2 gene transfer in mesenchymal stem cells: In vitro and in
vivo bone formation on biodegradable polymer scaffolds. Bio-
chem Biophys Res Commun 2002;292:144–152.
6. Howard D, Partridge K, Yang X, Clarke NMP, Okubo Y,
Bessho K, Howdle SM, Shakesheff KM, Oreffo ROC. Immu-
noselection and adenoviral genetic modulation of human osteo-
progenitors: In vivo bone formation on PLA scaffold. Biochem
Biophys Res Commun 2002;299:208–215.
7. Boccaccini AR, Blaker JJ, Maquet V, Day RM, Je´roˆme R.
Preparation and characterisation of poly(lactide-co-glycolide)
(PLGA) and PLGA/Bioglass® composite tubular foam scaf-
folds for tissue engineering applications. Mater Sci Eng C
2005;25:23–31.
8. Blaker JJ, Maquet V, Je´roˆme R, Boccaccini AR, Nazhat SN.
Mechanical characterisation of highly porous PDLLA/Bio-
glass® composite foams as scaffolds for bone tissue engineer-
ing. Acta Biomater 2005;1:643–652.
9. Ignjatovic´ N, Tomic´ S, Dakic´ M, Miljkovic´ M, Plavcˆic´ M,
Uskokovic´ D. Synthesis and properties of hydroxyapatite/poly-
L-lactide composite biomaterials. Biomaterials 1999;20:809–
816.
10. Boccaccini AR, Roether JA, Hench LL, Maquet V, Jerome R. A
composite approach to tissue engineering. Ceram Eng Sci Proc
(USA). 2002;23:805–816.
Figure 7. Biocompatibility assessment using a proliferation study on composite foams (a) Cell
proliferation as measured by CellTiter, compared with other composites of PLA-5 wt % HA or with
PLA-5 wt % -TCP (b) SEM image showing a cross-section of a PLA-5PG after 2 weeks of cell culture.
Journal of Biomedical Materials Research Part B: Applied Biomaterials
DOI 10.1002/jbmb
330 GEORGIOU ET AL.
11. Andriano KP, Daniels AU, Smutz WP, Wyatt RWB, Heller J.
Preliminary biocompatibility screening of several biodegrad-
able phosphate ﬁber reinforced polymers. J Appl Biomater
1993;4:1–12.
12. Nazhat SN, Kellomaki M, Tormala P, Tanner KE, Bonﬁeld W.
Dynamic mechanical characterization of biodegradable com-
posites of hydroxyapatite and polylactides. J Biomed Mater Res
2001;58:335–343.
13. Bleach NC, Nazhat SN, Tanner KE, Kelloma¨ki M, To¨rma¨la¨ P.
Effect of ﬁller content on mechanical and dynamic mechanical
properties of particulate biphasic calcium phosphate polylactide
composites. Biomaterials 2002;23:1579–1585.
14. Dupraz AMP, de Wijn JR, vd Meer SAT, de Groot K. Charac-
terization of silane-treated hydroxyapatite powders for use as
ﬁller in biodegradable composites. J Biomed Mater Res 1996;
30:231–238.
15. Klein CPAT, Driessen AA, Degroot K, Vandenhooff A. Bio-
degradation behavior of various calcium-phosphate materials in
bone tissue. J Biomed Mater Res 1983;17:769–784.
16. Denissen HW, Degroot K, Makkes PC, Vandenhooff A, Klop-
per PJ. Tissue-response to dense apatite implants in rats.
J Biomed Mater Res 1980;14:713–721.
17. Navarro M, Ginebra MP, Clement J, Martinez S, Avil G, Planell
JA. Physicochemical degradation of titania-stabilized soluble
phosphate glasses for medical applications. J Am Ceram Soc
2003;86:1345–1352.
18. Navarro M, Ginebra MP, Planell JA. Cellular response to cal-
cium phosphate glasses with controlled solubility. J Biomed
Mater Res 2003;67:1009–1015.
19. Ahmed I, Lewis M, Olsen I, Knowles JC. Phosphate glasses for
tissue engineering: Part 1. Processing and characterisation of a
ternary-based P2O5OCaOONa2O glass system. Biomaterials
2004;25:491–499.
20. Franks K, Abrahams I, Georgiou G, Knowles JC. Investigation
of thermal parameters and crytallisation in a ternary
CaOONa2OOP2O5-based glass system. Biomaterials 2001;22:
497–501.
21. Uo M, Mizuno M, Kuboki Y, Makishima A, Watari F. Proper-
ties and cytotoxicity of water soluble Na2OOCaOOP2O5
glasses. Biomaterials 1998;19:2277–2284.
22. Salama SN, El-Batal HA. Microhardness of phosphate glasses.
J Non-Cryst Solids 1994;168:179–185.
23. Valerio P, Pereira MM, Goes AM, Leite MF. The effect of ionic
products from bioactive glass dissolution on osteoblast prolif-
eration and collagen production. Biomaterials 2004;25:2941–
2948.
24. Kasuga T. Bioactive calcium pyrophosphate glasses and glass-
ceramics. Acta Biomater 2005;1:55–64.
25. Li SM, Vert M. Hydrolytic degradation of coral/poly(DL-lactic
acid) bioresorbable material. J Biomater Sci Polym Ed 1996;7:
817–827.
26. Agrawal CM, Athanasiou KA. Technique to control pH in
vicinity of biodegrading PLA-PGA implants. J Biomed Mater
Res 1997;38:105–114.
27. Li S. Hydrolytic degradation characteristics of aliphatic poly-
esters derived from lactic and glycolic acids. J Biomed Mater
Res 1999;48:342–353.
28. Burg KJL, Shalaby SW. Physicochemical changes in degrading
polylactide ﬁlms. J Biomater Sci Polym Ed 1997;9:15–29.
29. Bitar M, Salih V, Mudera V, Knowles JC, Lewis MP. Soluble
phosphate glasses: In vitro studies using human cells of hard
and soft tissue origin. Biomaterials 2004;25:2283–2292.
30. Quirk RA, France RM, Shakesheff KM, Howdle SM. Super-
critical ﬂuid technologies and tissue engineering scaffolds. Curr
Opin Solid State Mater Sci 2004;8:313–321.
31. Mathieu L, Montjovent M-O, Bourban P-E, Pioletti DP, Mån-
son J-AE. Bioresorbable composites prepared by supercritical
ﬂuid foaming. J Biomed Mater Res 2005;75:89–97.
32. Ahmed I, Lewis MP, Nazhat SN, Knowles JC. Quantiﬁcation of
anion and cation release from a range of ternary phosphate-
based glasses with ﬁxed 45 mol% P2O5. J Biomater Appl
2005;20:65–80.
33. Brekke JH, Toth JM. Principles of tissue engineering applied to
programmable osteogenesis. J Biomed Mater Res B Appl Bio-
mater 1998;43:380–398.
34. Mathieu L, Mueller T, Bourban P-E, Pioletti DP, Mu¨ller R,
Månson J-AE. Architecture and properties of anisotropic poly-
mer composite scaffolds for bone tissue engineering. Biomate-
rials 2006;27:905–916.
35. Montjovent M-O, Burri N, Mark S, Federici E, Scaletta C,
Zambelli P-Y, Hohlfeld P, Leyvraz P-F, Applegate L, Pioletti
D. Fetal bone cells for tissue engineering. Bone 2004;35:1323–
1333.
36. Montjovent M-O, Mathieu L, Hinz B, Applegate L, Bourban
P-E, Zambelli P-Y, Månson J-AE, Pioletti DP. Biocompatibility
of bioresorbable PLA composite scaffolds with human fetal
bone cells. Tissue Eng 2005;11:1640–1649.
37. Prabhakar RL, Brocchini S, Knowles JC. Effect of glass com-
position on the degradation properties and ion release charac-
teristics of phosphate glass–polycaprolactone composites. Bio-
materials 2005;26:2209–2218.
38. Kim H-W, Lee E-J, Jun IK, Kim H-E, Knowles JC. Degradation
and drug release of phosphate glass/polycaprolactone biological
composites for hard bone regeneration. J Biomed Mater Res B
Appl Biomater 2005;75:24–41.
Journal of Biomedical Materials Research Part B: Applied Biomaterials
DOI 10.1002/jbmb
331POLYLACTIC ACID–PHOSPHATE GLASS COMPOSITE FOAMS
